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I. Introduction
Spin-flip transitions associated with magnetic ordering in materials that are initiated by an external static magnetic field or temperature dependence of anisotropy fields are well known [1] [2] [3] . Meanwhile there is another potential path for studies on such transitions: electric-field induced modification of uniaxial anisotropy field in multiferroic composite materials [4] [5] [6] [7] [8] [9] . The most promising multiferroics for such studies are magnetoelectric (ME) composites made by combining ferroelectric and ferro-or ferrimagnetic substances in which the ME response is orders of magnitude stronger than in single-phase ME materials at room temperature [6] . The ME effect in the mechanically bound two-phase composite materials is a product-property arising from the magnetostriction and piezoelectric effects. In a ferrite-ferroelectric composite, for example, the static magnetization and high frequency electromagnetic properties can potentially be controlled with an applied voltage [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Several recent studies reported experiments on electric field induced magnetization changes in ferromagnetic-piezoelectric ME systems, including magnetization reversal in ferrimagnetic nano-pillars, magnetization rotation in Ni nano-rings and nano-bars, and changes in the magnetic anisotropy and stripe domain pattern modifications in Ni thin films [10] [11] [12] [13] [14] .
Bilayers of yttrium iron garnet, Y 3 Fe 5 O 12 (YIG), and lead zirconate titanate (PZT) have been used extensively in the past for studies on the converse ME effects, i.e., voltage control of magnetic parameters in YIG [6] [7] [8] [9] . Studies of significance in this regard include voltage tuning of M vs H, ferromagnetic resonance, and magneto-acoustic resonance [6] [7] [8] [9] . A strong converse ME effect in YIG-PZT was inferred from these studies. A variety of novel voltage tunable ferrite devices including microwave resonators, filters, phase shifters, and delay lines were demonstrated with the use of YIG-PZT [6] [7] [8] [9] .
This work is on the optical observation and theory of magnetization-flip due to an applied electric field in composites with single crystal thin films of YIG and polycrystalline PZT. Films of YIG in general are grown by the liquid phase epitaxy on gadolinium gallium garnet (GGG) substrates. Such films show an uniaxial anisotropy field, resulting in a stripe domain structure. LPE grown YIG films are of particular interests due to excellent high-frequency magnetic properties [15, 16] . Thin films are transparent in the visible region of the EM spectrum and show a large Faraday effect [17] . Magneto-optic techniques have been used in this study for the observation of (i) 180 0 magnetic stripe domains with out-of-plane magnetization M z in YIG and
(ii) diffraction of light by the stripe domains when an electric field E is applied to PZT. With the application of a DC voltage V across PZT, a gradual decrease in M z is observed with increasing V This paper is organized as follows. Section II provides a theoretical description of voltage-controlled magnetic reorientation and spin-flip processes. Expressions are obtained for the stress-induced anisotropy fields and the free energy density for the domain structure that depends on anisotropy fields. In Section III we discuss the choice of specific ferrite/piezoelectric metamaterial and details on the experimental setup. Section IV present the experimental results on the voltage-induced reorientation and flip in magnetization vectors in the stripe domains.
Also, results on polarized light diffraction by the stripe domain structure are presented and the possibility of voltage control of transmitted light intensity and modulation is demonstrated and discussed. Section V provides a summary and conclusion.
II. Theory of electric-field control of domain magnetization a. Stripe domains and free energy
We consider an YIG film with stripe domains as in Fig.1 and cub H =-45 Oe),
are the first and second order uniaxial anisotropy fields,
is the specific wall energy [21] , ⊥ N is the demagnetization factor in the perpendicular-to-plane
is the domain wall demagnetization factor [22] , and infinitely small, the accompanying increase in domain wall energy prevents this, thereby stabilizing the domain period at some optimum value [21] . We will concentrate our attention on the region where the domain period remains constant.
It is important here to discuss conditions under which the above model is valid.
Obviously, the theory is applicable only when the domain structure corresponds to the structure in Fig.1 ) (
where b is the magnetoelastic coupling coefficients, and σ is the mechanical stress applied along the surface normal. Equation (2) has the classical form of mixed (cubic and uniaxial) magnetocrystalline anisotropy energy and hence the coefficients ) (
have physical meaning of the stress-induced anisotropy constants (first and second order uniaxial and first order cubic, respectively) [15] . Consequently, magnetocrystalline anisotropy energy constants and fields in YIG films should be treated as comprising of two parts, for instance, ) (
H 1 is the growth induced anisotropy [23] . The origin of the perpendicular magnetic anisotropy is growth induced strain at the film-substrate interface and arises due to two factors: (i) slight mismatch in the lattice constants of the GGG substrate and the YIG film, and (ii) the difference in the thermal expansion coefficients of GGG and YIG. The term ) (
is due to the (E-field)-induced piezoelectric strain term. Assuming for PZT, V is the applied voltage, and S is the PZT thickness. Therefore, we obtain
Hence, the magnetoelectric effect in layered ferrite-piezoelectric structure manifests as voltageinduced generation of the first order unaxial anisotropy field in the ferrite film [5] . Since the electric field induces piezoelectric strain in PZT that is transferred to YIG and GGG, the overall uniaxial anisotropy field in YIG will depend critically on the thickness of both the YIG and GGG. For a given E-value one anticipates a decrease in the anisotropy field with increasing YIG film thickness.
U H values).
In order to determine the influence of the uniaxial anisotropy field on equilibrium domain structure, we calculated the dependence of energy of these three states on Thus, the possibility for substantial electric field control of magnetic domain structure arises.
III. Experiment
The experimental set up for the observation of the domain structure and corresponding diffraction pattern in polarized light is presented in Fig.4 . 
IV. Results and discussion a. Voltage induced magnetization-flip phase transition
In the absence of any voltage or bias magnetic field applied to PZT, the YIG film showed irregular labyrinth domain structure as in Fig.5(a) (5) we can roughly estimate the magnitude of z M in canted state. We estimate from the data that z M = 43 G which is rather close to theoretical predictions (see Fig. 3 ). Amplitude and shape of output signal remains steady for input signal frequencies f from 0 to 3 kHz. Further frequency increase leads to the progressive distortion and gradual decrease of modulation amplitude for f >3 kHz, that eventually fall down to almost zero at f=5 kHz. Figure 7 showing output signal measured at f=4 kHz illustrates this point and could be associated with acoustic modes in the sample as discussed below.
The radial acoustic mode frequency for the 10 mm diameter PZT used in this study is on the order of 6 kHz. Our experiments indicate substantial energy dissipation and sample heating when the modulation frequency is tuned to the resonance frequency. According to the data presented in Fig.7 , for modulation frequencies above 4 kHz the shape of the intensity profiles become more and more distorted (Fig. 7 . curve 4 for example) and the amplitude of modulation decreases until it the amplitude decreases to zero. It is quite possible, that such behavior is due to sample heating for frequencies close to the resonance frequency of whole PZT/YIG/GGG structure. Further studies are necessary to resolve this question.
Finally, it is also of interest to measure the M vs H for the composite under an electric field to confirm the magnetization flip observed by optical techniques in this study. The flip is expected to alter the shape of the M vs H loop upon the application of an electric field to PZT [6] . But our preliminary studies did not show any measurable variation in the M vs H characteristics. Establishing a correlation between M vs H under an applied voltage and the domain structure in Fig.4 is a subject of interest for further investigation.
V. Conclusion
Electric field control of domain magnetization state has been studied in a 
